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@ Method and apparatus for positioning the point of droplet formation in the jetting fluid of an electrostatic sorting device. 

(57) A novel method for positioning the point of droplet for- 
mation in the jetting fluid of an electrostatic sorting device is 
disclosed. The formation of the uniform droplets is carried out 
via the application of vibrational energy imparted by a trans- 
ducer to a jetting laminar flow stream. Previously sensed 
particles contained vk/ithin the core portion of the laminar 
stream are subsequently sorted from the stream as part of a 
subsequently formed droplet. The disclosed method uses the 
dependency of the droplet formation point on the amplitude 
of the waveform applied to the transducer and the modulation 
of this amplitude to control the droplet formation point dis- 
tance. The position of the droplet formation point is detected 
via the use of a light source and photodetector focused on the 
jetting stream at the position at which the droplet formation 
point is to be located, and a method for automatically main- 
taining the breakpoint at that position is described. 
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Method and Apparatus for Positioning the Point of Droplet 
Formation in the Jetting Fluid of an Electrostatic Sorting 
Device 



Background of the Invention 

The present invention rel.ates generally to the field of 
electrostatic flow sorters, and more particularly to those 
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sorters which are adapted to sense the presence and/or 
character of particles in a laminar flow stream and to 
selectively sort those particles by breaking that stream 
into a number of discrete droplets ^ and sorting those 
5 droplets containing such preselected particles • Such 
sorters are known for use in sorting and analyzing 
cellular compositions of given biological samples, as for 
exaniple in the counting/analysis of cell types for a 
given blood sample. 

In an apparatus of this general type, laminar flow is 
established through an area at which a light scattering^ 
fluorescence or voliime measurement is taken. Once a cell 
of interest has been sensed, an electronic time delay 

15 is normally activated for the length of time required for 
the cell to cover the distance from the point of cell 
detection to the point of droplet formation. Droplet 
formation may be accompilished by vibrating a flow chamber 
or orifice through which the stream passes^ at a frequency 

20 sufficient to cause droplet formation, usually on the 

order of about 40,000 cycles per second. When a cell of 
interest arrives -at the droplet formation point, a 
charging pulse may be applied to charge the droplet (plus, 
minus, or neutral) so that as the droplet of interest 

25 enters a subsequent DC field, it may be deflected as 
desired for collection. A general overview. of this 
technique is provided in "Laser Flow Microphotometry For 
Rapid Analysis And Sorting Of Mammalian Cells", Mullaney, 
et al.. Annals New York Academy Of Sciences, Vol. , 

30 197 , pages 176-190 (see in particular, pages 180 and 
figures 3 and 4). 

Such particle sorters are also disclosed in TJ^ a. Patents 
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No. 3,710 , 933 (Fulwler, et al.) and 3,380,584 (Fulwyler) 
and 4,148,718 (Fulwyler) • In these patents, sorting is 
acconplished in accordance with a selected parameter which 
may be size, volume presence of radioactivity, color, 
5 fluorescence, light absorption or any quality capable of 
being translated into an electrical quantity. These 
patents additionally disclose single or multi parameter 
measurements to effect such sorting. ' 

10 In order to selectively sort those droplets containing 
cells which are determined to be of particular interest, 
apparatus of this general type generally depends upon a 
flow rate estimate for the fluid containing a particular 
cell. This flow rate estimate is used to estimate the 

15 time between cell detection and the droplet breakpoint, 
at which selective charging of the droplet to be sorted 
takes place. As disclosed in U. S. Patent No. 3,710,933, 
such systems are normally aligned and adjusted prior to 
taking cell measurements. In particular, droplet formation 

20 is normally checked by illuminating the emerging liquid 

jet near the flow chair^er with a strobe light or equivalent 
light source. The strobe light is synchrof lashed with 
respect to the oscillator frequency. Droplet formation 
can then be viewed using a microscope, and by varying the 

25 voltage and frequency applied to the stream perturbing 

transducer, droplet formation can be' adjusted for a given 
nozzle diameter and flow rate. See U. S. Patent No. 
3,710,933, Columji 11, lines 14-49. 

30 As described particularly in U. S. Patent No, 3,710,933, 
CFulwyler, et al.)f by pressurizing various reservoirs 
with known pressures, flow rates can be estimated and cell 
flow rate adjusted by varying the relative pressures 
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between the various reservoirs 'oo^-,- 
■cnaw an appropriate droplet char-ain^ 

in =«*ination with a „;is; iXlTl ""^ 'P-'"- 

^. ^ Height analvzer and cell 

separation lojic to charge the selected ceU =o,taini„= 
oropxets for subsequent electrostatic sortin, ' 

5 A nuraber cp far-^oT— =jr«^ . 

o- -acworo affecr the abilitv a. ^-f,,^ 

to selectivelv sort ono « apparatus 
v-^j.wc4.y sort one or- more tvn»c 4.- 

a continuous ^11 st^ean p. "^^^ 

eauionent fo^ IdL^ - ^""^ ^""^"^ ^^^^ detection 

- xor iaentifvinc each r-faii u 

-curate, differences' ^'nTr!" t " 

Viscosity, ana transauce^ peL' 

- -, "ouuce_ performance can affect -t-h^ 4.,--. 

oelay or location of the desir^fl ^ 1 

droolers at tha h v ^^^^''^'^ *arget-cell-containing 

-a;.e;u:sV::s rri^L's!":: ^-^■^^ " - 

ceU „iii 3u.se.uenti-:ctl- -^^^^^ ^IT 

rtnLtr: -r^ ^^^-^ ^ — 

apparatus Jhich .s sTZ\ ^" " ^ 

'»re reaailv ide:;!-^ .? "'"^"^^^ for one or 

Procedu^r Le r ! *° 

aropiets "hi:: iTjz f ""r"^ ^^-^^^^ 

to contain the e ^--^ 

this nethoa, used X: L °' ""'"^ 

"rohoscopic ^t^oa d\ cu "'^ 

success in this art ^t t '"""^ 

"ror, particular-v'durin! '° ' """" ^^'^^ 

u- -d/or changi;; ooe-at^:'"°'^°' ^"^""^^^ '"^='>^- 

--n,in, sa^xe viscoll; LdT " 

osities and/or temperatures. 
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In U. S. Patent No, 3,826,364 (Bonner, et al.), a particle 
sorting method and apparatus are disclosed wherein a 
coaxial flow stream is released through a vibrating nozzle. 
Inspection (interrogation) of the stream by one or more 
:• cell sensing means for sensing cells in the stream occurs 
immediately downstream of the nozzle. In the Bonner, et. al, 
device, charging pulses are supplied at appropriate times 
for proper separation of the drops through the use of 
delay units which are adjusted to provide the necessary 
10 time delay to allov; for travel time of the particle from 
the point of particle scatter detection to the point where 
the stream breaks iiTto drops. Bonner states; 



As further explained in the Bonner, et al. disclosure, 
the duration as well as the time of application of the 
charging pulse is critical to the separation of at least 
the droplet containing the target particle to be sorted » 
30 After describing a preferred charging pulse which will 
charge at least three drops, Bonner^ et al. states: 



15 



20 



25 



"With the present arrangement the delay time between 
observation of a particle and its capture by a 
separating droplet is predictable to within three 
drop periods. Such high degree of predictability 
is due prim.arily to the uniform velocity of the 
inner particle containing stream 12A of the coaxial 
flow jet. That is, across the inner stream 12A 
the stream velocity is siibstantially uniform whereby 
particles anywhere within the cross-section of the 
inner stream travel with the same velocity from 
the point of observation to the drop separation 
point of the stream". U. S. Patent No, 3,826,364, 
Col. 7/ lines 22-32. 



"Obviously, if instrument tolerances, variations,* 
drift and like permitted, then a drop charging 
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ti.e sufficient to charge only two successive drops 
or a sxngle drop, could be employed " " 
S. Patent No. 3,826,364, Col. 8, lines 2-6. 

5 As also pointed out by Bonner, et al ^ v ' ' 

r ^^^^^^^^ 

fro. the arop charge pulse, either ZZl 

tne targe- droplet. In the Bonner et =i i 
15 on/Off transitions of the drop cha^^I' 1" 

n-ea „.th the drop ^o^^^J^^Z^TZIJ^XT 

uevice r>y uhe provision of a vsT-i=KT„ u 

included in ^-h^ ^ Ox a variable phase control unit 

Charge p.se. . „.th tTrL^Te" t.L^ .t^rr ' 
above, stroboscopic Ulunlnation of th- streak =Z ! 
strs'""'"^ '^"^ ^ ^ioro-sL'rth"^*^ 

> sorted P««=les to be 

pt^os^^^ti';-:::'"::/''^'"^ "'^^^^ 

--ng the appueatlon of a charge pulse so 
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characteristics, ink jet printing artisans have proposed 
various systems for producing an ink jet stream comprising 
unxformly shaped and uniformly charged droplets which will 
exhibit predictable down stream deflection behavior. These 
• problems are complicated by the tendency of perturbed 
streams to form "satellites" which not only affect the 
charge imparted to preceding or succeeding droplets, but 
also alter the volume of those droplets, thereby correspond- 
ingly affecting print uniformity. 

In the ink jet printing art, numerous systems have been 
proposed for sensing the characteristics of a perturbed 
ink jet stream, either above or below the breakpoint of 
that stream, u. S. Patent No. 3,907,429 (Kuhn, et al.) 
discloses a method and device for detecting the velocity 
of droplets formed from a liquid stream. According to 
this disclosure, discrete droplets are directed between a 
pair of apertures and a light' source which is strobed at 
a selected frequency and directed towards the apertures. 
By detecting the time between when a first of the apertures 
IS blocked by a droplet in the stream as indicated by the 
light being broken during the strobe and the time when a 
second of the apertures is blocked by another droplet, 
when the light source is counted, the velocity of the 
droplets may be measured and a correction of the velocity 
niade by changing the pressure of the maiiifolds supplying 
the liquid stream. in u, S. Patent No. 3,769,627 (Stone) 
an mk ^et printing system using ion charging of droplets 
IS disclosed wherein a light source and photocell located 
downstream from the breakpoint of a perturbed stream is 
used to sense the passage of discrete droplets and to time 
delayed charges subsequently applied thereto. . Stone states: 
"Selective drop charging involves the induction of 
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that droplets containing the particles to be sorted may 
be selectively charged. In D. S. Patent No. 3,963,606 
(Hogg) f a particle separator is disclosed for separating 
particles in a fluid according to certain particle 
5 characteristics. The Hogg device includes a means for 
adjusting an electrical delay to be equal to the time 
between the emergence of a particle from a jet forming 
aperture to the point of break off. Hogg proposes the 
use of a movable scale in place of the ground glass of 

10 prior art projection microscopes, this scale b^ing linked 
to a potentiomet&r of an RC oscillator to thereby control 
the oscillator's frequency. A second potentiometer for 
controlling the clock oscillator frequency. is coupled to 
^ a height adjustment member of the aperture^ this frequency, 

15 being used to clock delay shift registers such that the 
charging pulse may easily be made to occur at the 
appropriate time, irrespective of fluctuations of pressure, 
velocity, amplitude and frequency of the droplet forming 
generator. See U. S. Patent No. 3,963,606, (Hogg) Col. 

20 2, lines 23-36. Accordingly, Hogg represents a more 

automated version of the stroboscopic projection micro- 
scopic techniques discussed above. 

Droplet forming characteristics in a perturbed stream have 
25 also been, considered in connection with the art of ink 

jet printing. In the ink jet printing art, where discrete 
ink droplets formed in an ink jet stream are electro- 
statically directed to form characters on a recording 
surface, particular attention has been paid to establishing 
uniform droplet formation and charging characteristics. 
Since the charge imparted to any given droplet at its 
bre:.:po.nt is proportional to its surface area, i.e., the 
snape of that droplet at the breakpoint, and since even 
sxicnt cnarce variations may produce erratic deflection 
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charges in the drop being formed by a surrounding 
charged electrode. The induced charge varies in 
accordance with the inducing voltage until the 
instant in time when the droplet physically 
5 separates from the stream. From that time on, 

the induced charge is trapped and remains with 
the drop. It is obvious, therefore, that the 
charging process must be carefully synchronized 
with the timing of the drop break off. This 
10 involves the use of complex phasing control sensors 

and loops. This in turn, increases the cost of 
the equipment.-^ 

* * * 

It is an object of this invention to provide an 
15 ink drop charging system which does not depend 

upon the synchronization of the charging with 
the break off time. 



20 



It is another object of this invention to produce 
an ink drop charging system, which charges drops 
after they break off from the ink jet stream" 
U.S. Patent No. 3,769,627 (Stone), Col. 1, lines 
18-35. 

This method is accomplished by using the above-described 
25 photocell arrangement for the purpose of counting and 
synchronizing charges -applied as discrete droplets pass 
a plurality of separate charging stations which respond 
to coded information applied to each station in synchronism 
with the passage of each drop. • • 



30 



As disclosed in U. S. Patent No, 4,047,183 CTaub) , efforts 
have also been made to control the formation and shape of 
droplets in an ink jet stream by sensing the surface wave 
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profile of the continuous portion of th^ stream Cupstreaiti 
from the breakpoint) by illuminating that portion of the 
stream with a radiant energy source such as a laser. The 
surface wave profile produced by illuminating the stream 
is sensed to provide the fundamental and harmonic frequency 
components thereof/ and a perturbation drive signal, the 
amplitude and relative phase of which is a function' of the 
sensed frequency components, is provided for controlling 
the formation and shape of the droplets. After discussing 
the advantages and difficulties of controlling the break 
off geometry, particularly . with respect to the illumina- 
tion of satel-lite formations, Taub discloses the practical 
desirability of measuring the ink jet stream upstream 
rather than downstream from the droplet break off point; 
"The ideal time to sense the frequency, phase, and 
amplitude components of the ink jet stream for 
determining drop break off characteristics is at 
the precise time droplets are formed therefrom. 
This is usually impossible to achieve, however, 
since the droplets are normally formed inside the 
charged electrode. Therefore, according to the 
present invention, the drop break off character- 
istics are determined by sensing upstream of break ^ 
off, rather than downstream as taught by the prior 
art. The continuous portion, that is, the portion 
just prior to break off of the stream is sensed to 
determine the break off characteristics. In 
response to the sensed characteristics, a piezo- 
electric drive signal is provided which controls 
droplet formation, and accordingly provides increased 
drop charging ef ficiency u. S. Patent No. 4,047,143 
(Taub),- Col. 4, lines 53-68, 
Taub discloses a system wherein an ink jet manifold having 
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a perturbation means such as a piezoelectric crystal emits 
a perturbed ink jet stream into charge electrode structures 
which are pulsed in "a well known manner" to selectively 
apply charge to the droplets. A source of radiant energy, 
5 which may comprise a helium-neon laser, emits, radiant 

energy focused on the continuous portion of the jet "just 
prior to the jet entering the charged electrode structure". 
"Since the ink is opaque, a shadow is formed" which is 
imaged through a lens onto a substrate which has a slit 
10 formed therein. The shadow formed thereby repres. ts 

the surface wave profile of the jet which is a representa- 
tion of the respective amplitudes and relative phases of 
fundamental and harmonic frequencies. Taub states: 

"The light passing through the slit 44 is influenced 
15 by the wave passing a given point on the perimeter 

of the jet, and accordingly is a representation 
of the frequency components of the jet at this 
particular point, as well as being indicative of 
the shape of a given droplet when it breaks-off 
20 downstream. , It is necessary to make this slit 

somewhat larger than the largest diameter to be 
measured, typically the drop diameter, so that the 
clipping of the wave form does not occur, as well 
as preventing the generation of spurious diffraction 
25 effects. A narrow band pass filter 4 8,. which has a 

band pass on the order of lOOA centered in the 
laser wavelength, is used so measurements may be 
made in room light.. The light passed by the 
filter 4 8 is then transmitted to a photomultiplier 
tube 50 which measures the intensity of the light. 
Therefore, the output voltage of the photomultiplier 
tube 50 is proportional to the diameter of the jet 
blocking the slit, which is to say, to the local 
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diameter of the jet at the point being probed... It 

to be appreciated that the signal 'output. . .-ay 
be applied to analyzing means 80 by other tiaing 
«.ea„s such as a stepping ,«,tor, or alternatively 
may be applied concurrently to Inputs of devices 
82, 84 ana 86, rather than in the ti»e seguenoe 
described." u. s. Patent No. 4,047,183. ' See Col. 
6, lines 27-68, Col. 7, lines 1-26. 

Obtained is conditioned to control the fundamental and ' ' 
har^nxc freguencies applied to the piezoelectric perturba- 
tlon Beans for_controlling the droplet for^aUon and shape 
Of droplets produced by the ink jet stream. 

15 For other disclosures of ink H.f r,,<«4.,- 

, ^."^ 3et printing systems using 

optical, sensor, see 1B« Technical Disclosure Bulletin 

Feedback For Synchronized Pressure Jet Dsing Optical 
20 ! r disclosure Bulletin, Vol. 16, 

For other disclosures relating to various ink jet ■ 
printing synchronization systems, please refer to U S 

sZ2lT- " -itier..L!; 

Printer" • xj \ r> °^ ^^^P^ in An ink Jet 

ixnte. , u. S. Patent No. 3.-953 fjcn /r^ • • ^ 
30 entitled "Ch^v-rr^ * "^'^53,860 (Fujxmoto, et al,) 

PrintL". 0 s p« 

"Phase C nL Fo Toror-c'''"'"' 

°. S. . .atent Ho 3 836^12 1" "-"'^"^ ' 

o. 3,836,912 (Ghougasian, et al.) entitled 
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"Drop Charge Sensing Apparatus For Ink Jet Printing 
System"; U. S. Patent No. 3,982,251 (Hochberg) entitled 
"Method and Apparatus For Recording Information On a 
Recording Medium"; U. S. Patent No. 3,878,591 (Eaton) 
5 entitled "Method and Apparatus For Synchronizing Droplet 
Formation In a Liquid Stream". 

For other patents disclosing particle or flow sorting 
systems, please see U. S. Patent No. 3,941,479 (Whitehead) 

10 entitled "Use Of Itodulated Stimulus To Improve Detection 
Sensitivity For_Signals From Particles .In A. Flow Chamber"; 
y. S. Patent No. 3,851,169 (Faxvog) entitled "Apparatus 
For iMeasuring Aerosol Particles"; and U. S. Patent No. 
3,910,702 (Corll) entitled "Apparatus For Detecting 

15 Particles Employing Apertured Light Emitting Device". 

Summary of the Invention 

5?he present invention provides a novel method and 
apparatus for precisely establishing and positioning the 
breakpoint of a laminar flow stream of an electrostatic 
particle sorting apparatus. By precisely controlling the 
breakpoint of this system, other factors, such, as variable ■ 
surface tension, viscosity, temperatures, etc. which could 
otherwise interfere with the appropriate charging of 
25 particle containing droplets, do not interfere with droplet 
charging synchronization. 

A novel electrostatic particle sorting system is disclosed 
comprising a flow means for establishing the flow of a 
continuous particle containing stream, comprising at least 
a particle containing core stream portion aid a surrounding 
sheath stream portion. An optical detecting means is 
provided for optically detecting particles at least at a 
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particle sensing point along said stream. Perturbation 
means for perturbing said stream with at least a preselected 
frequency and amplitude are disclosed for causing said 
stream to form a breakpoint at which said stream becomes 
5 a series of discrete droplets. ^ m order to time said 

relative charging such that said selected droplets contain 
at least selected particles detected 'by the optical 
detection means , a synchronization means is provided 
comprising a sheath sensing means for sensing the liaht 

10 scatter and extinction character of the stream at a " 
sheath sensing point subsequent to the locus of said 
perturbation ;_sur face character analysis means for produc- 
ing an output signal which is at least selectively 
responsive to said sheath sensing means; and perturbation 

15 amplitude adjustment means responsive to said surface 

character analysis means for establishing and maintaining 
said breakpoint at said sheath sensing point. 

In the preferred embodiment, the sheath sensing means 
20 comprises a radiant energy source focused on the stream 
to measure the scatter and extinction of said stream, and 
more particularly, of the sheath stream portion of that 
stream. The sheath sensing means accordingly produces 
surface character output signal which is proportional to 
25 the surface character of the stream. In accordance with 
the preferred embodiment, perturbed laminar flow streams 
have been found to exhibit substantially different and 
dxstxngurshable output signals when they are sensed above, 

30 real tL^' ^^^T "^^^-^^^ Accordingly, by comparing 
fo^ 1 r ^^"-^---^-3 with a reference wave 
form Characteristic settings, an error signal may be 
generated to vary the amplitude of the transducer until 
the breakpoint is established and maintained at the sheath 
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sensing point. Accordingly, assxaming a fixed flow rate, 
a given timing delay will permit the precise droplet 
charging of droplets containing particles identified 
upstream for sorting. 

Accordingly, a primary object of the present invention is 
the provision of an improved electrostatic particle sorting 
apparatus wherein the breakpoint of a perturbed laminar 
flow stream is established and maintained at a fixed loca- 
tion. This and other objects of the present invention 
will become apparent from the following more detailed 
description. 

Brief Description of the Drawings 
15 Fig. 1 is a diagrammatic hybrid block drawing of the 

preferred embodiment apparatus of the present invention; 

Fig. 2 is a representative waveform. of a surface character 
output signal produced at the breakpoint region of a lamina: 
20 flow stream; 

Fig. 3 is the waveform of the surface character output 
signal when the sheath sensing point is located below 
the breakpoint of a perturbed laminar flow stream; 



25 



30 



Fig. 4 is the waveform of the surface character output 
signal produced when the sheath sensing point is located 
above the breakpoint of a perturbed laminar flow stream. 

D escription of the Preferred Embodiments 
Although specific forms of the invention have been 
selected for illustration in the drawings, and the follow- 
ing description is drawn in specific terms for the 
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purpose Of describing these forms of the invention, this 
description is not intended to li:^tthe scope of the 
xnvention which is defined in the appended claims. 

5 The present invention is intended for use with an electro- 
sta^xc partxcle sorting apparatus wherein a series of 
partxcles suspended in-'a fluid are introduced within a 
Sheath stream 12 to create a laminar flow stream 14.- 
Thxs stream is then caused to flow through a laminar 

> flow cnamber within which an optical detection means 
detects particles at least at a particle sensing point, 
and distxngu-ishes which of those particles are to be 
sorted fro. the stream. This optical detection may 
comprise the use of a helium neon laser focused on the 
laminar flow stream 14 within the laminar flow chamber • 
By psing various photo-optic detectors in combination 
with various dyes introduced in the core stream, the 
scatter, absorption, fluorescence or other character- 
xstxcs Of the particles sensed at the particle sensing 
poxnt may identify those particles for subsequent sorting. 

The particle detector source 16 may be a light source a 
ixght emitting diode, helium neon laser, or laser dIoL 
One or more particle detector receptors iT T 

. d" ^^V^-- - location of Energy 

tectea. In the event that a particle selected 

containing the preselected particle precisely at the tL 

TnTtTl f ""'^ " "-^-^p^i" 26. IIZ. 

the detection of the desired particle at the particle 
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sensing point 30, the la^dnar flow stream. issues through • 
an orifice 28 which is perturbed by a transducer and 
transducer driver 32 and 34 respectively. The perturba- 
tions xn the perturbed laminar flow stream 36 gradually 
increase in size or amplitude due to the surface tension 
of the jetting liquid. In accordance with the preferred 
embodiment of the present invention, the perturbation 
means, which comprises the transducer 32, transducer 
driver 34 and controlled amplitude oscillator 38, perturb 
the stream with at least a preselected frequency and 
amplitude to cause the stream to form a breakpoint 
designated generally 26. 

15 f — the present invention co„prises 

e .heath sensing „e.ns for sensing the light scatter ana 
extinction character of the strea,-, at a sheath sensing 

sXrr'""' '° P-turhation and for proaucing a 

surface character output signal which is prooortional 

20 ana the breakpornt correspond, the breakpoint being 

automatically »«intainea at the sheath sensing point, as 
aescribea .ore fully hereinafter. The sheath sens^; „eans ■ 
. comprises a Sheath aetector source 24, which is a soLc: 

25 Lr'il^r " "hich the Sheath stream 

essentially translucent. In the preferred 
emboarment, the sheath detector source may be a helium 
neon laser, a light emitting aiode, a laser diode, or a 
conventional light scarce. The sheath detector source is 

.0 for tl °" ^ P-videa 

s ea" 7TZ 'T""' 

..as be n IZIMT ' =^""^^-^1 lenses 

these lenses h '"^^ °f 

lenses having their a.is oriented perpendicular to ' 
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the axis of incident light, as well as perpendicular with 
respect to each other, it has been found suitable to 
utilize a front cylindrical lens having a focal length of 
approximately 6iimi and a back lens having a focal length 
of approximately 11 cm. The preferred sheath detector • 
receptor is a photodiode, but may also be a photomultiplier. 
Of the above-identified lenses, the front lens tends to 
focus the radiant energy upon the stream, while" the back 
lens focuses incident energy towards the diode. It has 
been found suitable to use a convehtional PC200 Ortho 
Instruments' lens assembly for this purpose. This lens 
assembly may,_fo-r example, be placed approximately 1/4 
inch from the flow stream, and the photodiode placed 
approximately 1 inch on the opposite side of the stream 
15 past the point of focus on the lens assembly for the 
purpose of permitting the photodiode to pick up a sub- 
stantial portion of the light neither scattered nor 
extinguished by the stream, but not so much light as to 
permit detector saturation. 
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In order to measure the relative scatter and extinction of 
the stream at the sheath detection point, a sheath detection 
receptor 40 is located on the opposite side , of the stream 
in a position such that the relative differences in the 
25 scatter of the sheath stream will cause proportional 

differences in the output of the sheath detector receptor, 
. which output represents a surface character output signal. 
In the preferred embodiment, the sheath detector receptor 
IS a photodiode or, less preferably, a photomultiplier. 
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The surface character output signal is received by a 
waveform characteristics detector generator 41 which 
analyzes the surface character of the stream and produces 
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its own output signal which is compared to the signal of 
a reference waveform characteristic setting 42 via an 
error signal generator 44 to produce an error signal in 
the event that the droplet breakpoint is found not to be 
at the sheath sensing point. This error signal will 
increase or decrease the amplitude of perturbation applied 
to the laminar flow stream by the transducer by acting 
through the aforementioned controlled amplitude oscillator 
38 and transducer driver 34. In this manner, the droplet 
breakpoint designated generally 26 will automatically be 
relocated to the sheath sensing, point and will be maintained 
in that position, even in the event that other factors such 
as surface tension, viscosity, flow rate, temperature, 
orifice diameter, etc. vary during the operation of the 
15 device. In the preferred embodiment, for a given laminar 
flow stream, the sheath sensing point should be located so 
that under normal conditions the transducer. amplitude is 
set at about 30% of its maximum amplitude, thereby permitting 
substantial adjustment of the amplitude in order to 
compensate for the above-described effects. 

Referring now to Figs. 2, 3, and 4, representative wave- 
forms are illustrated for the laminar flow stream at, 
below and above the- breakpoint, respectively. As monitored 
by the sheath sensing means, real time proceeds from left 
to right while the amount of light sensed by th.e sheath 
detector receptor increases vertically. Referring first to. 
Fig. 4, which is a representative trace of the perturbed 
laminar flow stream 36 when the sheath sensing point is 
located substantially above the breakpoint, the surface 
character output signal will be. seen to be substantial 
sinusoidal. Peaks 100 and 102 correspond to relatively 
thinner portions of the perturbed stream wherein signifi- 
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cantly lesser proportions of the radiant energy omitted 
by the sheath detector source 24 are caused to scatter, 
and thus substantially greater portions of that energy' ' 
are received by the sheath detector receptor 40. ' 
5 Conversely, troughs 104 and 106 correspond to "bulges" or 

areas of relatively greater amplitude in the perturbed 
- laminar flow stream 36, and correspondingly, cause sub-, 
stantially greater portions of the radiant energy from 
the sheath detector source 24 to be scattered, and thus 
10 not received by the sheath detector receptor 40. Referring 
now to Fig. 3 which is a surface character output signal " 
when the sheath sensing point is located- substantially 
below the breakpoint, that is, when discrete droplets have 
already been fomed, each of the troughs 110 and 112 
15 correspond to discrete droplets, slight troughs 114 and 
116 to small intermediate "satellites", and the remainder 
of the waveform, 118 and 120, when peak amounts of light 
are received by the sheath detector receptor, to the spaces 
between droplets (and/or satellites) . The uniaue wavefo^ 
20 shown in Fig. 2 is the waveform of the surface character 
output signal when the sheath sensing point and breakpoint 
region correspond. The spaces between droplets 122, 124, " 
and 126 represent times when maximum amounts of light are 
collected by the photodiode sheath detector receptor 40. 
25 The deepes.t troughs, designated generally 128, 130, and 
132, represent the maximum bulge of the droplet to be 
formed. Small ripples 134 are seen to be formed in the 
bulge, and may be the result of harmonics in' the transducer 
30 f °" otherwise may naturally result from the 
30 behavior of droplets at the breakpoint-, which behavior is 
not yet fully understood. Following the bulge but still 

IZTsT r!"'° "^-^ t the 

rapid stretching of the tail of the bulge into a ligament 
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whxch has a smaller center than ends. This ligament size 
and geometry blocks only about one half. the light as the 
largest portion of th,e droplet. This ligament portion has 
broken from the preceding drop, and thus steeo ligament 
5 Slopes 142, 144, and 146 are evident leading ;o the free 
air spaces, such as 124 and 126, between droolets. It 
wxll be seen from the waveform at Fig. 2 that thre«^ 
particularly steep slopes of significant amplitude comorise 
the waveform at breakpoint. First, negative drop for^'ino 

10 Slopes 148, 150, and 152, positive drop/ligament slopes ^ 
154, 156, and 158, -and positive ligament ending slopes 
142, 144, 146. This may be contrasted with the slopes 
exhibited by the waveforms illustrated in Figs. 3 and 4 
wherein even numbers of positive and negative slopes are 

15 observed. 

in accordance with the preferred embodiment of the prese-. 
invention, a certain degree of amJ^ient light may also be'" 
collected by the sheath receptor detector, and accordinglv, 
troughs - no, 112, 104, and 106 are slightly flattened ' 
instead of uniformly rounded, as would be expected if 
ambient light were excluded from the system. Additionally 
It has been found that the breakpoint waveform in Fig 2 ' 
need not be as well defined as is illustrated in that* 
25 figure, but rather distinctive breakpoint waveforms may 
nonetheless be derived even if a slight defocusing of th-^ 
sheath receptor source is permitted, thereby eliminating 
detection of the small ripple,s, such as ripples 134 and/o^ 
some of the particular details of the ligament shapes, as^ 
30 Illustrated at 136, 138 and 140. 

AS recognized by one of ordinary skill in this art small 
satellrtes such as those represented at 114 and 11^ 7 
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Fig. 3 are extremely unstable, possibly due in part to 
their travelling in the wake of much larger spherical 
objects and/or other behavior caused by differential 
induced charges between adjacent charges. It is. theorized 
that the shape of air flow around the larger spherical 
object will tend to move -the satellite droplets either up 
or down depending upon the size, wave length and flow " 
rate of the droplet stream. Accordingly, the waveform 
shown in Fig. 3 would be expected to be produced within 
approximately three, wave lengths away from the breakpoint. 
As the sheath detection point is moved down, the effects 
of drag and flow around the sphere will become more 
evident, and the satellites distinguished as either "fast" 
or "slow" satellites. In the event, for example, that 
satellite 116 is a "fast" satellite, it would tend to 
merge with its preceding drop and accordingly would be 
seen to shift generally towards drop 110 until it merged 
therewith- Similarly, if satellite 116 were a "slow" 
satellite, its position will tend to shift relative toward 
drop 112 until it merged and was consumed by drop 112, 
which is the succeeding drop relative to that satellite. 

In accordance with the preferred embodiment of the present 
invention, the waveform characteriitics detector generator 
will analyze the surface character output signal for the 
purpose of determining whether that signal compares 
favorably with a reference waveform characteristics 
setting signal. While "one of ordinary skill in this art 
will recognize from the differences in waveforms set forth 
in the figures that there are many parameters which could 
be used to distinguish the waveform of Fig. 2 from those 
of Figs. 3 and 4, it is presently jD|lieved that the 
technique disclosed in the related /application df Richard 
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^ ^ , No. 68,112 and 

A. Dussault and Igino Lombardo /entitled "A Servo System 

To Control The Spatial Position Of Droplet Formation Of A 
Fluid Jet In A Cell Sorting Apparatus" is the best way 
of accomplishing this analysis. As more fully described 
in this related application, by differentiating the 
surface character output signal, an odd number of spikes 
corresponding to the three steep breakpoint spikes of 
substantial amplitude will be produced when the sheath 
sensing point is located at the breakpoint, whereas an 
even number of such spikes will be produced per cycle if 
the sheath sensing -point is located either above or below 
the breakpoint. In either of these latter two cases, 
the error signal generator will produce an error signal to 
vary the controlled amplitude oscillator and thus will act 
through the transducer driver 34, the transducer 32, and 
orifice 28 to vary the perturbation amplitude of perturbed 
laminar flow stream 36. This in turn will move the 
breakpoint of the perturbed laminar flow stream until that 
breakpoint corresponds to the sheath sensing point, at 
which time no further error signal, and thus no further 
change in transducer amplitude need be effected. Assuming 
a constant flow rate, a fixed time delay produced by 
timing delay 20 will effect droplet charging through droplet 
charging circuitry 22 such that droplets charged at the 
breakpoint may be sorted through the application of an 
electric field created by deflection plates 200 and 202, 
such that the desired particles to be selected may be 
gathered in one of the sample collection vessels 204, 
206, or 208. 

From the above it will be seen that an extremely simple, 
yet effective method and apparatus are disclosed for 
precisely determining and establishing the breakpoint of 
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a perturbed laminar flow stream at a fixed distance from 
the particle detection point. Assuming a fixed flow rate, 
an appropriate fixed timing delay will accordingly ensu-e' 
precise droplet charging of droplets containing particles 
to be sorted. 

It will be understood that various changes in the details, 
materials and arrangement of parts which have been herein' 
described and illustrated in order to explain the nature 
of this invention may be made by those skilled in the art 
within the principle and scope of the invention as 
expressed in the following claims. As used herein, 
-perturbed" or "perturbation" is meant to include not onlv 
mechanical/vibratory methods for creating discontinuities" 
in the stream, but also discontinuities which are induced 
by other means such as alteration of stream surface 
tension, for example, by electrical, thermal, or optical 
means. Likewise, periodic or aperiodic perturbations are 
meant to be included. 

It will further be understood that the "Abstract of the 
Disclosure" set forth above is intended to provide a non- ' 
legal technical statement of the contents^of the disclosure 
in compliance with the Rules of Practice of the United 
States Patent and Trademark Office, and is not intended to 
limit the- scope of the invention described and claimed 
herein. 
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Clains : 
1. 



An electrostatic particle sorting system, coniprising: 

a) flow means for establishing the flow of a 
continuous particle containing stream comprising at least 

a particle containing core stream portion and a surrounding . 
sheath stream portion, said stream having a particle 
sensing point defined therealong; 

b) particle sensing means for optically detecting 
said particles at least at said particle sensing point; 

c) perturbation means for perturbing said stream 
with at least a priselected frequency and amplitude to 
cause said stream to form a breakpoint at which said 
stream becomes a series of discrete droplets; 

d) droplet charging means for relatively charging 
selected ones of said droplets as they are formed at said 
breakpoint; and 

e) synchronization means for timing said relative 
charging such that said selected droplets contain at least 
selected particles detected by said optical detection 
means; said synchronization means comprising: 

i) sheath sensing means for sensing at least 

the light scatter characteristic of said stream ■ 
at a sheath sensing point therealong subsequent . 
to said perturbation and for producing a surface 
character output signal which is proportional 
thereto ; 

ii) surface character analysis means for producing 
an output signal which is at least selectively 
responsive to said surface character output signal; 
and 

iii) amplitude adjustment means responsive to 
said surface character analysis means for 



-26- 



0025296 



adjusting said amplitude of said oerturbation 
means for establishing and maintaining said 
breakpoint at said sheath sensing point. 

5 2. The invention of Claim 1 wherein said amplitude 

adjustment means further comprises a transducer, transducer, 
driver, and controlled amplitude oscillator means for 
acting through said transducer driver on said transducer 
to selectively vary said amplitude of perturbation applied 
10 to said strea:?.. 

or Claim 2 

3. The invention of Claim 1/ wherein said surface character 
analysis means comprises a waveform characteristics 
detecuor generator, reference waveform characteristics 
*15 setting means for generating an output signal correspond- 
ing to desired waveform characteristics of the surface 
character output signal when the sheath sensing point is 
located at said breakpoint; and an error signal generator 
for ccniparing the outputs of said reference waveform 
characteristic setting means and said waveform character- 
istic detector generator, said error signal generator 
comprising means for generating a proportional error signal 
in response to compared differences therebetween. 

any one of to 3 

25 4. The invention of /Claims 1/wherein said sheath sensing 
means comprises a radiant energy source with respect to 
which the sheath stream portion is- essentially translucent, 
and a radiant energy receptor for measuring at least the 
scatter of said radiant energy by said sheath stream portion 

20 and for producing an ou^^put signal proportional thereto. 
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. _ 5. A method of electrostatically sorting particles 
5 ccr^prising: 

a) establishing the flow of a continuous pa^-^icie 
containing strea.-n .con>.prising at least a particle co.tJ.^Ta 
core strea. portion and a surrounding sheath strea." no^l'^on 
sa.. strean, having a particle sensing point defined there-' ' 

10 along; 

b) optically detecting said particles at least at 
said particle sensing point; 

_ c) perturbing said stream with at least a. x.-=.sei ^c^e" 
xrecuency and arr.plitude to cause said stream to fc^ a 
breakpoint at which said strea:. becomes a series of sc-^^. 
crcplets; v..^^^ 

^ d) relatively charging selected ones of said droo^ets 
as .ney are zorr-.ed at said breakpoint; and 

e) synchronizing said relative tharcina such that 
said selected droplets contain at least selected pa-^.'c^.s 
cetected in said optical detection step; said synch;;;;.::., 
s.ep ccnprising the steps of: 

i) sensing at least the light scatter character- 
istics of said strean, at a sheath sensing oo-'^t 
therealong downstream from said nerturbina fo- 
producing a surface character output sicnal 
which is proportional thereto; • 

ii) analyzing said surf.ee character ou-ut 
sxgnal to produce an output signal which s 
least selectively responsive to said su^-'^e ^ 
character output signal; and 

iii) adjusting said preselected arr.olitude 
said perturbing step in response t; said 
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[ selectively responsive outout sicn.i ^ 

. . . Signal to establish 

ana , 3aid- breakpoint at said Sheath 

sensing point. 

i-S to a d^sirec : T"" ==«espond- 

lo=at.d at saie .reappoint, and c . oa.t.rrr^rr'-' 
generate an e-^o- , ' -- ^^^'=^ waverorr.s 

- =n e.ror signal prooorf-' cnsl -^^ ^-u 

cifferences therebetween. " co.-r.pared 

1* 7. T.he i.-:vention o- cia^'n 5/°' ' 

the iicht sca^te>- 1' '^^'^^----n said step of sensing 

steps or- .elect. a radii" 

— a radiant ene^-cn," ^r^^^y-r^^ ,..'a-^. 
respect to Which at least the sheath 

essentially trarsi U'^^-.t ' 
20 source on ^°^^^ng said radiant energy 

sheat. selrr ^^^^^^'^^ P-^-" safl • 

Of said radiant e^^^cy caus.H ^ ^ ^^^^^ ^^^^ter 

at said shoath sens^ '"'^ ''""^^ P-^^i- 

sa.acn sensing point to produce sairi 
character onr^.,^ P-oauce said surrace 
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character output signal. 

any one of to 7 
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n T--.^ • ° to 7 

sir: ::::L'r:„!::"=- -id step o. se.eot- 

=elecf.-,5 a .-^^"'"^ comprises the steo of 

essentially translucent. 
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■. 5^ec-.rcsratic particle sorting system, con-.zjrising: 

a; rlov ...sans for establishing the flov of a! 
= rr.-.^r.u=us particle containing stream, cor.prising at" least 
. particle containing cere strean portion and a surroundinc 
sr.ea-^^. szreai. portion, said stream having a partid e 
sensing point defined therealong; 
-0 b) particle sensing neans for detecting sa^'d 

particles at least at said particle sensina point; 

c) perrt:rbation neans for perturbing said stream 
wi.n at least a preselected frequency and amolitude to 
cause said strean to -p-^ — •> i • ' ■ 

^ i^reakpoint at which sa^'d 
1^ strear. beco.T.es a series of discrete droolets; 

c) ^ droplet charging means for relatively charging 
selec.ec ones of said droplets as they are forced at said 
breaxpoznt; and 

,0 ' K synchronization neans for tir.ing said relative 

.-. = -ng sucn tr.at said selected droplets contain at leas- 
sexectec particles detec^^d bv ca,-^ • 

- ^^^'^ detection means; sa^d 
syncnrcnizaticn r.eans ccr.prising: 

i) sheath sensing n^eans for sensinc at leas- 
T "'""^ '""—^'^ Characteristic of " s^aid strel. 
- a sneath sensing point therealong subseauent 
to said perturbation and for producing a surface 
cnaracter output signal which is proportional 
thereto; 

ii) surface character analysis means fo- 
producing a surface character output signal which 
IS proportional thereto; 

iii) amplitude adjustnient means responsive to 
said surface character analysis means for 
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ad3usting said amplitude of said Derturb-^on 
ineans for establishing and naintainina said ' 
breakpoint at said sheath sensing point. 

10. A method of electrostatically sorting particles 

comprising: 

a) establirting the flo„ of a continuous =a-t--cle 
containing straa. comprising at Last a particle" c^n^ai- 
-ng core strean portion and a surrounding sheath strean" 
portion said stream having a particle sensing Point ^ 
cefined therealong; 

b) derecting said particles at least at said 
particle sensing point; 

c) perturbing said stream with at least a o>-<=- 
selected frequency and amplitude to cause said stlZ-^ to 
-o.... a breakpoint at which said stream becomes a ser^^^s ' 
cz ciscrete droplets; 

_ d) relatively charging selected ones of sa^'n 
croplets as they are formed at said breakpoint; and 

_ e) synchronizing said relative charginc such rha- 
saxc selected droplets contain at least, selec-^ed oart^'c-. 
cerected in said defection step; said synchroniziie sieo" ■ 
comprising the steps of: • ' ' 

i) sensing at least the light scatter cha-a-a. 
xstxcs of said stream at a sheath sensing o^i^: ' 
.therealong downstream from said perturbing' 

producing a surface character output signarwh^'c- 

IS proportional thereto; 

ii) analyzing said surface character cutout 
signal to produce an output signal which is at 
least selectively responsive to said surface 

• ^^^^^<=ter output signal; and 

iii) adjusting said preselected amolituce in " 
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said perturbing step in response to said 
selectively responsive output signal to 
establish and maintain said breakpoint at 
said sheath sensing point. 
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